The small body exploration is to be continued by going to take samples of the C-type asteroid (162173) 1999 JU3. Although the mission and spacecraft may integrate lessons learned from the Hayabusa mission, many differences exist. In order to best adapt the proximity phase, we give a comparison between 1999 JU3 and Itokawa, the target of the Hayabusa mission which is coming back in June 2010 with samples, and we show simulations of the dynamics of 1999 JU3. Since landers may take a more important role in the coming small body missions, we also show simulations of deployment and landing, as well as fundamental surface dynamics to assess performance and fate of moving objects on the surface. It is shown that intermediate regions of 1999 JU3 may be regions where loose particles gathered. Finally, we discuss lander science opportunity for local renement of the target gravity model and internal distribution.
Introduction
Following the Hayabusa mission, which is coming back with samples of the S-type asteroid (25143) Itokawa in the summer of 2010 1) , the C-type asteroid (162173) 1999 JU3 was chosen to provide a wider understanding of Near-Earth Objects (NEO). In addition to having interesting physical properties, 1999 JU3 also has the advantage of being cheaply accessible 2) . 1999 JU3 has an average diameter of 922 meters, is slightly elongated, and it is spinning at a period of 7 hours 37 min 38s 3) . Spectral observations indicate that 1999 JU3 may show two slightly different faces, where results from reflectance spectra shows absorption of 0.6 µm of unknown origin, and absorption of C-type bodies 4) . Hence, this asteroid provides a unique opportunity to characterize an unvisited asteroid type, gathering new information on the composition and possible space weathering of C-type NEAs. Bringing sample back will also help understanding the small body evolution process.
The concept of a sample return mission to 1999 JU3 presented in Kawaguchi et al. 2) is similar to Hayabusa at Itokawa, while possibly involving landing science. Since major components of the Hayabusa mission are integrated, it is necessary to adapt the strategy used at Itokawa to this new environment. The objective of this paper is to provide insights on the dynamics of 1999 JU3, from orbit to surface, in order to prepare the proximity operations. In the next sections, we provide analytical results and simulations of the dynamics of 1999 JU3, and we compare to Itokawa. From these analyses, we can obtain a first order estimate for the proximity operations.
1999 JU3 Parameters
The asteroid 1999 JU3 is about one order of magnitude larger than the mass of Itokawa, the Hayabusa mission target. In Table 1 , we provide a comparison between the two targets. Itokawa was found to look like a rubble pile asteroid 5) , but it is unclear how 1999 JU3 may look like 3) . Moreover, although being both within the NEO population, their physical and orbital characteristics are quite different. Itokawa is a S-type asteroid, mostly made of ordinary chondrites including olivine and pyroxene 6) . 1999 JU3 is of C-type taxonomy, which no spacecraft has yet rendezvoused with, and on which little information is available. C-types objects are believed to contain more primitive material such as carbonaceous chondrites, making it a logical choice for a small body sample return mission.
The asteroid 1999 JU3 was observed to be slightly ellipsoid, with an average diameter of 922 meters, and a rotating period of about 7.63 hours. As a reference, Itokawa is about half the size of 1999 JU3, while being more elongated, with radii of about 278 x 151.4 x 121.5 meters 7) . Itokawa's rotational period is almost twice as large, being about 12.13 hours. Hence, although the gravitational attraction is higher at 1999 JU3, its rotational spin will require more accurate . We can find resonance orbits along the equatorial axis of the target at 800 meters from the center of mass, also called equilibrium points in a frame rotating with the asteroid, where the gravitational and centripetal accelerations cancel each other. Note that solving the equilibrium solutions for an ellipsoid gives a difference of 30 meters along the longest axis. For observations purposes, the spacecraft can be in stable prograde orbits at 1 km from the surface (H so ), which gives an orbital velocity of 20 cm/s (V so ). Finally, as a first estimate, we can compute the asteroid average escape velocity, which gives 34 cm/s (V esc ). For lander deployment sequence, we assume a safety factor of 2, and account for a safe landing speed being half the escape velocity (V safe ). Then, from basic ballistic flight dynamics, the maximum deployment altitude to meet this landing condition becomes 150 meters (H max ). Landing conditions imply the maximum surface speed of about 10 cm/s (V eq.sfc ) at the equator. These data are summarized in Table 1 . Table 1 . 1999 JU3 orbital and physical parameters, compared to Itokawa 3, 7) . Note that there is 5% uncertainty on 1999 JU3 dimensions, spin period and axis, and 20% on its density, which propagate to all calculated parameters.
Proximity Objectives and Rendezvous Timeline
For maximizing the chances of bringing back samples from Near Earth Objects (NEO), and to have a complete set of data, a series of approaches need to be taken. In addition, target markers and small landers can be deployed for navigating close to the surface and providing in-situ measurements that cannot be obtained from the mothership itself. The proximity operations can be summarized in the following way:
• To perform gravity determination by performing radio science experiments and by measuring solar radiation pressure.
• To map the target surface and obtain a 3D reconstruction, identifying landmarks, faults, surface composition using onboard payload instruments.
• To identify sampling sites and prepare for deploying probes and landers on the surface.
In order to achieve these objectives, the mission will approach following a strategic sequence of operations considering both the target dynamics and the performance of the navigation and science instruments. We provide an overview of the overall approach in Fig. 1 , while the dynamics are described in more details in the following section. After some rendezvous maneuvers, the mothership is to stay within 50 km from the target, at the Gate Position (GP), for preliminary observations using the ONC and LIDAR instruments, and making Doppler measurements. It will then move to Home Position (HP), within 15 km from the target, for detailed mapping. From preliminary assessment, and to obtain a high definition map of the target, the HP may be as close as 1 or 2 km from the surface. This proximity phase is one of the most critical as it defines the mothership length of stay; mapping as close as 1 km compared to 10 km may take from 2 to 10 months before completion. The time to perform an accurate shape determination depends on the configuration at arrival; facing the polar region would make a global mapping more difficult than facing the equator. After a few months of measurements, descent rehearsals will be attempted, leading to the deployment of target markers for navigation. Micro-rovers and small landers will then be deployed, followed by the mothership touchdown to gather samples 8) . Note that, as for Hayabusa, a hovering approach is chosen to best accommodate sampling and in-situ objectives. The timeline is illustrated in Fig. 1 and compared to the case of Itokawa by Hayabusa 9) . Details on the dynamics of 1999 JU3 are explained below.
Proximity Dynamics at 1999 JU3

Near field
We performed a preliminary assessment of the proximity dynamics by simulating a particle in the vicinity of 1999 JU3. For simplicity, we used an ellipsoid model for computing asteroid orbital properties and performing simulations, integrating Ivory's Theorem along with Carlsons integrals 10) . The asteroid principal coordinate frame was set with the x and y axes in the plane of the asteroid rotation, with the x axis along the longest side of the asteroid, while the z axis is aligned with the asteroid spin axis.
With the asteroid parameters mentioned, solving for equilibria in the asteroid orbiter equations of motion indicates that 1999 JU3 is of Type I asteroid, with two stable center equilibria along its intermediate axis 11) . Figure 2 shows simulations of a point mass near one of the stable resonance orbits, as seen in the target rotating frame. This indicates that the spacecraft can gain stability from hovering at these locations, but it may also mean that small debris may be able to stay in the vicinity for a certain amount of time. Figure 3 shows the minimum distance where a spacecraft can orbit in stable prograde orbits, which is important for mapping and approach as the relative surface speed will be slower. We make the remark that this asteroid was observed to have two difference sides 4) , which may offset the spacecraft operations and navigation from one face to the other. However, since the ground observation campaign has not shown precession of the asteroid rotation, for the moment it is unlikely that the asteroid center of mass could be shifted.
Deployment assessment
Having looked at the proximity approach, we investigated the deployment phase prior to sampling, applicable to target markers (TM) and small landers. Their deployment is subject to the mothership navigational errors and the local gravity field. Taking the case of Hayabusa as an example, we have assumed the following initial conditions to map the propagated errors on the surface. These errors take into account the LIDAR, laser range finders (LRF), and target marker (TM) navigation for the case of lander release. We also account for operations, velocity corrections by RCS, and human errors. We can summarize the mothership hovering conditions as follows:
1. The lateral and vertical velocity errors are kept within 2 cm/s and 3 cm/s, respectively.
2. The lateral position error goes up to 30 m, but could be as low as 10m.
3. The vertical position error is more accurate (even by using RCS micro-thrust to compensate two out of three reaction wheels' failures like the case of Hayabusa To account for the uncertainties in the vertical hovering state of the mothership and insure safety between the mothership and lander, the lander release speed needs to be higher than 3 cm/s, in a direction toward the target. With the uncertainties above, using simulations and linearized error propagation, the landing area on the target can be as low as 35 m by 30 m in size for landers if TM are used, and as high as 100 m by 80 m from a 150 m altitude deployment. Figure  4 shows the landing area from a 50 m altitude deployment. The black and grey areas represent the worst and best case scenarios for a 10 m error in lateral hovering. The lander subsequent motion is indicated by the black hopping trajectory, assuming 80% restitution upon impact (the worst case condition reported for the Hayabusa mission since only partial data of the spacecraft's attitude log could be integrated during the rst touchdown on Itokawa) 8) . The mothership will use about 10 kg of fuel to do a deployment at this low altitude, but an uncontrolled science package lander will have better chance of landing in the a-priori identified area for surface measurements. A few other deployment configurations and altitudes were investigated as the rendezvous state of the target is still uncertain. Hence, hovering at mid-latitude and at 15 degrees from the pole were also investigated. In general, the landing area increases in size for increasing altitude of deployment, while shifting by less than 10 m every 50 m due to the asteroid rotation. In the case of 1999 JU3, for the baseline assumed with 30 m lateral error, the area goes roughly from 5000-6000 m 2 at 50 m altitude, and up to 10000-12000 m 2 at 150 m altitude in the worst case. It takes about 10 and 20 minutes for a small lander to land from a 50 m altitude release, while it can take up to 40 minutes if deploying at an altitude of 150 m. Finally, under the same release conditions, we note that the impact speed seems slightly higher from a 45 deg. or a 75 deg. latitude deployment than from an equatorial deployment.
Surface motion
In the case of 1999 JU3, investigating the surface dynamics of this rotating small body indicates that this mid-slow rotator has a stable equatorial region. It was shown that the distribution of material on the asteroid surface is partially determined by stable and unstable regions as loose particles will tend to follow these stability properties 12, 13) . This means that loose material may gather near equatorial regions due to surface stable equilibria, depending on the real shape of 1999 JU3.
We have simulated the deployment and landing in both polar and equatorial regions, shown in Figs. 5 and 6, in order to give insights on where particles and landers may gather. Note that only ballistic landing was considered for the analysis. On the figures, hopping trajectories are landing simulations with 80 % restitution on impact. In Fig. 5 , the trajectory indicates the lander motion from a 50 m deployment. Since the pole is an unstable region, the motion loops back toward the equator, although non perfect surface conditions make the lander to stop its course. Note that, depending on the target configuration at arrival, polar landing are associated with slower surface speed which helps navigation, and may be entirely under sunlight. In Fig.  6 , all three trajectories are independent of each other, and also indicate the lander motion from a 50 m deployment. Trajectories 1 and 3 are along the intermediate and longest axes of the target, respectively, with 10 m lateral error, while number 2 is a deployment done at 45 deg. latitude from the equator. The simulations clearly show the "attractiveness" of the intermediate side of the target: number 3 moves faster than number 1, and number 2 is diverted toward the equator, indicating the tendency to gather in the equatorial area. In all cases, the release condition was 45 degree from the mothership principal axes, at 5 cm/s toward the target, and we find that a small lateral impact speed of a few cm/s needs to be accounted for. From this surface dynamics analysis, we can assess the fate of landing probes under disturbances and mobility. There are also a few other items such as GNC and control that need to be taken into consideration. We can summarize them in the following way: • Equatorial regions may be "attractive", and thus modify probes/landers trajectories.
• Polar landing may imply thermal control issues.
• Landing near the pole may be more accurate and easier on the GNC system due to lower surface speed, although may require double time for mapping.
• Surface operations on each side may require different techniques and/or approaches, accounting for changes in albedo, spectra, surface features, and surface properties.
Lander Science Opportunity for Gravity Determination
Even if the mothership will provide an accurate shape and gravity determination, the interior composition remains unknown. How to distinguish between high and low density areas? For local data on the interior properties, the mothership orbit determination at a low HP, or at a resonance region, may bring valuable insights. Note that this is currently under investigation for the Hayabusa during touchdowns. Since the mothership may be frequently using altitude, lateral, and attitude control, and since resonance may be associated with dust hazards, we suggest an additional mean for local gravity measurement using landing probes. Target markers or small landers can provide between 10 to 20 minutes of free fall, for which the trajectory is modified according to the local gravity, as illustrated in Fig.  7 for cases of a local density of 0.6, 1.3, and 2.5 g/cm 3 . The target marker or lander dynamics can be retrieved through the mothership orbit determination, using the navigation camera, and accounting for solar radiation pressure (SRP) and other perturbations such as RCS thrusters 7, 14) . The position of the lander can then be retrieved through simple relative motion of the spacecraft and lander positions with respect to the target. Using the ONC camera, we can estimate a small lander motion while being up to 40 m distant for a 600 mm size lander, 25 m for a 300 mm size lander, and 15 m for a target marker 100 mm size object. The images can be taken every 3 to 30 seconds during navigation. The feasibility and quality of data obtained will also depend on the necessary calibration time, and the lateral deviation between the mothership and landing object. The target markers may be easier to observe since they are deployed in the eld of view of the camera. However, their smaller size and reflectiveness may provide less viewing time and may give less accurate results. 
Conclusion
In this paper, we discuss and simulate the proximity dynamics for the Hayabusa follow-on mission, which is geared for a sample return at the C-type asteroid 1999 JU3. We can show that aligning with the intermediate axis of 1999 JU3 is most likely to offer better stability during the mothership approach, although surface features will most likely dictate landing and touchdown locations. We also show that both test particles and actual landing probes may gather at the intermediate sides of the target, which gives clues on the surface properties and fate of moving objects on 1999 JU3. The operations will be refined as the target gets better defined, but this provides a preliminary assessment.
